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KingdomABSTRACT In Escherichia coli, a sudden increase in external concentration causes a pressure drop across the cell envelope,
followed by an active recovery. After recovery, and if the external osmolality remains high, cells have been shown to grow more
slowly, smaller, and at reduced turgor pressure. Despite the fact that the active recovery is a key stress response, the nature of
these changes and how they relate to each other is not understood. Here, we use fluorescence imaging of single cells during
hyperosmotic shocks, combined with custommademicrofluidic devices, to show that cells fully recover their volume to the initial,
preshock value and continue to grow at a slower rate immediately after the recovery. We show that the cell envelope material
properties do not change after hyperosmotic shock, and that cell shape recovers along with cell volume. Taken together, these
observations indicate that the turgor pressure recovers to its initial value so that reduced turgor is not responsible for the reduced
growth rate observed immediately after recovery. To determine the point at which the reduction in cell size and turgor pressure
occurs after shock, we measured the volume of E. coli cells at different stages of growth in bulk cultures. We show that cell vol-
ume reaches the same maximal level irrespective of the osmolality of the media. Based on these measurements, we propose
that turgor pressure is used as a feedback variable for osmoregulatory pumps instead of being directly responsible for the reduc-
tion in growth rates. Reestablishment of turgor to its initial value might ensure correct attachment of the inner membrane and cell
wall needed for cell wall biosynthesis.INTRODUCTIONOsmotic stress, a common environmental stress, has been
found to lead to changes in growth rates and cell size in
many bacteria, including Escherichia coli (1). In bulk cul-
ture, high external osmolalities, >~0.5 Osmol/kg, result in
a slower growth rate, smaller cell volume, and reduced
turgor pressure (1–6). However, little is understood about
the origins of these changes or the relationship with other
modes of growth inhibition, such as nutrient deprivation
and temperature changes (5–7).
The interior of the Escherichia coli cell is usually at a
higher osmolality compared to the external environment, re-
sulting in an osmotic pressure on the cell envelope, termed
turgor pressure (8). Previous research in bulk E. coli cultures
has shown that when external osmolality is increased (hy-
perosmotic shock), the cell responds by actively importing
and synthesizing intracellular osmolytes in an attempt to
reestablish turgor. As the cell grows in this environment,
however, the turgor pressure decreases linearly with shock
magnitude (2). Although the precise timing of this pressure
decrease has not been determined, it has been proposed that
turgor pressure is a necessary requirement for cell growth
(9,10) and that, as such, a reduction in turgor pressure atSubmitted January 15, 2014, and accepted for publication August 6, 2014.
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(2,9–13). However, recent experiments suggest that turgor
pressure is not needed for biosynthesis of the cell wall
in conditions where osmotic shock does not cause signifi-
cant detachment of the inner membrane from the cell wall
(termed plasmolysis) (14). Therefore, how and when
changes in external osmolality lead to changes in growth
rate remains unknown.
We have recently developed a method to quantify changes
in the shape and volume of individual cells as they undergo
osmotic shock and exhibit subsequent recovery (15,16).
Here, we have expanded our experimental setup to include
a microfluidic assay that allows custom control of flow rates,
ranging from several hundred microliters per minute to a
few microliters per hour. The system allows us to apply
sudden osmotic shocks of different magnitudes and subse-
quently to exchange the high osmolality media at slow
flow rates, ensuring sufficient nutrient supply during obser-
vations that last for hours.
We show that after a hyperosmotic challenge, E. coli
grows at a reduced rate immediately after full volume and
shape recovery, and that the resultant growth rate scales
with the shock magnitude. We demonstrate that the material
properties of the cell wall are such that for small hyperos-
motic shocks, the cell volume decreases strictly monotoni-
cally. Based on our findings, we conclude that turgor
pressure recovers to its initial value upon active recoveryhttp://dx.doi.org/10.1016/j.bpj.2014.08.025
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Instead, we propose that turgor pressure is used as a feedback
variable for the osmoregulatory network. Reestablishing the
pressure insures contact between the inner membrane and
cell wall, which is needed for cell growth and can be disrup-
ted to various degrees during osmotic shock.
To reconcile our results with previous reports showing
that E. coli cells grown in bulk cultures and media of
increasing osmolalities grow smaller and at a reduced turgor
pressure (1–3), we measured cell volume at different stages
of bulk culture growth using fluorescence imaging. We show
that cells reach the same volume irrespective of medium
osmolality but that the growth-curve plateau decreases
with increasing osmolality, as does the growth rate. Taken
together, these results indicate that optical density is not a
good indicator of the growth stage of bulk culture when
probed at different osmolalities.MATERIALS AND METHODS
Bacterial strains
E. coli strain BW25113 (K12 Keio collection parent strain) with plasmid
pWR20 (carrying enhanced green fluorescent protein (EGFP) and kana-
mycin resistance) was used in the study (15,16).Growth curves
Growth curves were obtained using a FLUOstar OPTIMA microplate
reader (BMG, Berlin, Germany) and a Greiner 96-well flat-bottom plate.
The plate was covered with a plastic lid and wells toward the edges of
the plate were filled with water to minimize evaporation. Each well was
filled with 300 mL of growth media (lysogeny broth (LB) with different su-
crose concentrations) to which 2 mL of cells from a frozen stock were
added. Frozen stock was prepared from an overnight cell culture. Cells
were grown at 37C with shaking, except for those represented in Fig. S6
in the Supporting Material. For the purpose of comparing bulk culture
growth rates with those in the microfluidic assay, those cells (Fig. S6)
were grown at room temperature (25C) with no shaking. Optical density
(OD) was recorded every 15 min.Sample preparation
For the microfluidic assays in Figs. 1 and 2 and Figs. S2–S5, cells were
grown from frozen stock to an optical density of 0.4–0.5, as described pre-
viously (15). Upon reaching the required OD, cells were immediately used
for sample preparation. Each sample was prepared from freshly grown
cells. The flow cell consisted of a plastic slide (refractive index n ¼ 1.52,
slide m-Slide III3in1) from Ibidi (Martinsried, Germany), tubing of fixed
sizes to ensure precise flow delivery and timing between different slides,
a computer-controlled solenoid valve (The Lee Company, Westbrook,
CT), and computer-controlled syringe pumps (Fusion 400, Chemyx, Staf-
ford, TX). Both cells and microspheres were immobilized on the surface
of the Ibidi slide in a manner similar to that described by Pilizota and Shae-
vitz (15,16). For the purpose of delivering the hyperosmotic shock, the flow
rate was set to 150 mL/min and changed to 3 mL/min 5 min postshock,
ensuring fresh nutrient supply.
For data in Fig. 3 and Fig. 4, E–G, a tunnel slide was prepared according
to the previously described protocol, and cells and polystyrene beads were
attached to the surface as previously (15,16).In Fig. 4, D–G, multiple wells of a 96-well plate were filled with 300 mL
of either LB alone, LB with 450 mM sucrose, or LB with 1000 mM sucrose.
Each well was inoculated with 2 mL of frozen stock cells. Cells were grown
at 37C with shaking, and OD was measured every 15 min. At specific time
intervals, cells growing in one well from each of the three given media were
taken out of the plate reader and observed under a microscope, whereas the
cells in the rest of the wells were left to grow further. This was repeated for
11 wells for each of the three media.Microscopy
In Figs. 1–3, cells were observed in epifluorescence and differential inter-
ference contrast using a modified Nikon TE2000 microscope as described
previously (15,17). As before, the position of a microsphere attached to
the coverslip surface was kept fixed in the x-, y-, and z-directions using pro-
portional-integral-derivative feedback of the stage position (15,17,18) and
back focal plane interferometry (15,18,19), for the purpose of stabilizing
the sample during the measurements. Images were acquired at 1 Hz for
the first 5 min during the hyperosmotic shocks (with the flow rate set to
150 mL/min) and at a rate of one frame every 30 s during subsequent record-
ings (at a flow rate of 3 mL/min). Trans- and epi-illumination light was shut-
tered between image recordings to reduce photobleaching of the EGFP. In
Fig. 4, still images of cells attached to the surface in a tunnel slide were
observed in epifluorescence using a Nikon Eclipse Ti microscope with per-
fect focus. In all cases, microscopy experiments were performed at 21.4C.Osmotic shocks
To increase the osmolality of the external environment in the microfluidic
flow cell, LB is exchanged with LB supplemented with defined concentra-
tions of sucrose. We chose to use sucrose to administer the osmotic shock
because the properties of E. colimembrane permeability to sucrose are well
characterized and the sucrose molecule is not charged (20). To change the
osmolality in the tunnel slide for the purpose of characterizing cell envelope
material properties, LB is exchanged with 10 mM Tris-HCl (pH 7.2)
with defined concentrations of sucrose. The osmolality of solutions was
calibrated with an osmometer (Micro-Digital Osmometer MOD200 Plus,
Camlab, Cambridge, United Kingdom, and Osmomat30, Genotec, Baden-
Wurttemberg, Germany), or estimated based on concentrations in the
case of very high osmolalities.Data analysis
A rectangle around each analyzed cell is chosen and the long axis of the
cell is aligned horizontally with the image axis. Cytoplasmic cell volume
(derived from the green EGFP signal) was obtained from the recorded cyto-
plasmic area by a process of background subtraction and thresholding, as
previously described (15). The time records obtained during the hyperos-
motic shocks, subsequent recovery, and growth, were normalized by
dividing the entire trace by the average value of volume calculated using
the first 5 s of recording before osmotic shock. The procedure extracts total
volume in the chosen rectangle, but it does not track the time point of cell
division. For example, an increase in normalized volume from 1 to 2 indi-
cates a doubling of total volume but does not necessarily indicate two cells.
Pressure-volume (p-V) curves were calculated from volume traces of
cells transferred from LB, or LB plus 500 mM sucrose, into 10 mM Tris-
HCl buffer (pH 7.5) supplemented with various sucrose concentrations.
As no potassium or osmolytes are present in the buffer, the cell volume
does not recover. The initial volume, V0, was obtained by averaging five
data points before an osmotic shock, and Vshock was obtained by averaging
10 data points taken 5 s after the shock.
Changes in the polar extent of the cell were obtained by converting the
cytoplasmic area changes into polar coordinates. The polar extent is the dis-
tance from the center of the cell (defined as half the distance between theBiophysical Journal 107(8) 1962–1969
FIGURE 1 Slower growth follows immediately after recovery from hyperosmotic shock. (A) Normalized cytoplasmic volume versus time. Traces of all
cells are shown: 0.60 Osmol/kg (blue; N ¼ 15), 0.80 Osmol/kg (green; N ¼ 6), 1.45 Osmol/kg (orange; N ¼ 5), 2.0 Osmol/kg (dark red; N ¼ 10), and 2.5
Osmol/kg (gray, N¼ 9). (B–D) Individual traces of normalized volume are given for six different cells, one at 0.6 Osmol/kg, two at 1.45 Osmol/kg, and three
at 2.0 Osmol/kg hyperosmotic shock. Data points are recorded at 1 Hz during the first 5 min and at 30 s intervals after that. For display, the initial 5 min have
been resampled at one frame every 30 s, and only the normalized volume after the shock is displayed for each individual cell (cell volume has been normal-
ized and each individual cell starts at value 1). To see this figure in color, go online.
1964 Pilizota and Shaevitzminimal and maximal values of the cell boundary in x and y) to the edge of
the cell. The procedure is similar to that described previously (16). The po-
lar extent of the cell before osmotic shock was subtracted from the polar
extent of the cell during the hyperosmotic shock and recovery to obtain
the difference shown in Fig. 2. Negative values in the polar extent indicate
a reduction in cytoplasmic volume compared to the initial value, whereas
positive values indicate an increase.
To obtain the OD600 value at which the growth curves plateau (Fig. 4 C),
we averaged the last 2.5 h (last 10 data points given in Fig. 4 A).Model and fitting procedures
To obtain the growth rates in Fig. 4 B, we find the inflection point in growth
curves by fitting them to a sigmoidal function y ¼ a exp½expðb ctÞ
and subsequently fit the points before the inflection point to an exponentialthe time resolution is in minutes. Left arrows denote the time of hypero
the initial value. The change of scale is indicated with a tilde. To see this figu
Biophysical Journal 107(8) 1962–1969curve y ¼ a expðbtÞ, where b is the growth rate (21). The fit for
Vshock=V0 in Fig. 3 was obtained in the following manner. Starting from
the last four data points, Vshock=V0 was fitted according to Eq. 1 and the qual-
ity of the fit evaluated. The same was done for each additional data point
(moving from back to front). The point at which the quality of the fit was
maximumwas taken as the last point in the data set with zero turgor pressure,
after which stress-stiffening of the cell wall with volume increase needs to be
taken into account (22).RESULTS
Growth rate inhibition upon hyperosmotic shocks
Using a tunnel slide, we observed in a previous study that
volume fully recovers upon hyperosmotic shocks of varyingFIGURE 2 Polar kymographs of cytoplasmic
polar extent changes, showing that cell shape
recovers after a hyperosmotic shock. Briefly,
the polar extent is the distance from the
center of the cell to the edge of the cell, ob-
tained by converting the cytoplasmic area changes
into polar coordinates (inset). The polar extent
of the cell before hyperosmotic shock is sub-
tracted from all subsequent polar extent values
(also see Materials and Methods). An indi-
vidual representative cell is given for four
different shock magnitudes, 0.60 (A), 0.80 (B),
1.45 (C), and 2 Osmol/kg (D). During the
shock and recovery phase, polar extent is
probed with high time resolution (seconds). Sub-
sequently, during the postrecovery growth phase
smotic shock and right arrows the time at which volume recovers to
re in color, go online.
FIGURE 3 The initial response of the cell envelope to changes in con-
centration does not change post-hyperosmotic shock. (A) Relative change
in the cell volume after osmotic shocks of different magnitudes. Cells are
transferred from rich media (LB) into Tris-HCl buffer with different sucrose
concentrations present (given on x axis). The relative volume changes after
osmotic shocks of different magnitudes are given for the cells that have
already experienced a hyperosmotic challenge (at 1.00 Osmol/kg) and un-
dergone a full volume recovery (pink). As the cells are now at a higher
osmolality before being transferred to Tris-HCl buffer, the isotonic point
will shift toward higher concentrations. For easier comparison between
the two p-V curves, the pink curve was shifted by the distance between
two isotonic points, resulting in overlap of the curves. Each data point is
an average of 15–20 cells (range 5–44). The black curve is constructed of
a total of 132 cells and that in pink of 260. Error bars are standard deviations
of the mean. The data are fitted according to the model and fitting protocol
described in Materials and Methods. Vmaxmin ¼ 0:5450:11 and is obtained
from the fit. (B) Individual traces of cells transferred from LB into
10 mM Tris-HCl buffer (used to obtain the first black point given in
Fig. 3 A). Expansion is observed at the point of hyposmotic shock (red ar-
row). (C) Individual traces of cells transferred from LB into 10 mM Tris-
HCl buffer (used to obtain the point at 680 mM sucrose concentration given
in black in Fig. 3 A). Shrinkage is observed at the point of hyperosmotic
shock (red arrow). To see this figure in color, go online.
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growth after the recovery within 4 h (15). To determine the
length of this growth pause and to observe growth postre-
covery, we developed a flow cell that allows us to expose
the cells to a hyperosmotic shock of varying magnitude
(adjusted by controlling the sucrose concentration added
to the LB) followed by a gentle flow of the same media,
ensuring nutrient supply during prolonged recordings.
The shock was delivered at a precise time with a flowrate of 150 mL/min. Flow was changed to 3 mL/min after
5 min and kept at 3 mL/min throughout the subsequent
recordings. We found that the 3 mL/min flow rate does
not influence growth rate of the E. coli cells (Fig. S1
shows a constant growth rate at flow rates ranging from
100 mL/min to 10 mL/h).
Fig. 1 A shows volume changes of individual cells upon
hyperosmotic shocks of different magnitude. Cell volume
rapidly decreases after the shock, as observed in a previous
study (16). After shrinking, cells expand their volume at
two different rates. We attribute the rate at which the vol-
ume expands immediately after shock to the osmotic recov-
ery phase, as it continues until the initial cell volume is
reached. The rate at which the volume increases after reach-
ing its initial value corresponds to postrecovery growth.
Both the recovery rate and the postrecovery growth rate
slow down with increasing shock magnitude. Fig. 1, B–D,
shows examples of six different individual cells from
Fig. 1 A, focusing on the transition between the recovery
and postrecovery growth. A clear transition between the
two rates is observed as the cells recover their initial vol-
ume. Figs. S2–S5 show additional traces of individual cells.
In some cases, particularly for small shocks, recovery rate is
similar to the subsequent postrecovery growth rate, and no
transition is observed. For very high shocks, >2 Osmol/kg,
more than one recovery rate is visible. As it has been shown
that turgor pressure is not needed for cell wall biosynthesis
during recovery from shocks that do not cause plasmolysis
(14), we expect that the biosynthesis continues during the
recovery phase from these smaller shocks and is increas-
ingly hindered during the recovery from higher osmotic
shocks (14).
Fig. 1 shows growth rates of the first generation of cells
post-hyperosmotic shock. To compare the doubling times
observed with growth in bulk cultures of the same osmolal-
ities, we grew the cells at room temperature with no shaking
and measured OD every 15 min (growth rates are given in
Fig. S6). In two different conditions, the growth rates are
similar for all except the lowest osmolality. We attribute
the slightly higher overall growth rates in bulk cultures
to the temperature difference between the room temperature
at which microscopy measurements are performed (21.4C)
and the lowest temperature setting on the plate reader used
for growth curves (25C). From the measurements in Fig. 1,
we cannot exclude the occurrence of growth rate reduction
later in time. However, Fig. S6 indicates that these effects
are likely small.
When the slow nutrient-restoring flow is used, we do not
observe the postrecovery pause reported in our previous
work (15). The observation time used in that experiment
was set based on the measurements of cell growth in LB.
During the 6 h measurement, we observed no changes in
the growth rate, and concluded that in 4 h, growth is not
nutrient-limited (15). In addition, the concentration of cells
in the tunnel slide was ~5  107 cells/mL, corresponding toBiophysical Journal 107(8) 1962–1969
FIGURE 4 Maximal cell volume is not affected by growth at higher external osmolarities. (A) Growth curves at different external osmolalities (0.44, 0.58,
0.74, 0.95, 1.19, 1.50, and 2.09 Osmol/kg). External osmolality is adjusted by adding the controlled amount of sucrose to LB. (B) Growth rates are given
against external osmolality (obtained as described in Materials and Methods and based on growth curves in A). Error bars in y represent 95% confidence
intervals. (C) Plateau value (asymptote) of growth curves in A versus external osmolality. Error bars in y show standard error. (D) Optical density measured
at 600 nm wavelength versus time at three different external osmolalities (0.44, 0.99, and 1.71 Osmol/kg). External osmolality is adjusted by adding the
controlled amount of sucrose to LB. Error bars correspond to standard error obtained from multiple growth-curve measurements in the same condition.
Gray horizontal line corresponds to OD ¼ 0.1 and illustrates that cells grown in different osmolarities are at a different stage of growth for a given value
of OD. At OD ¼ 0.1, cells at 0.44 Osmol/kg are in an early exponential phase, whereas those at 1.71 Osmol/kg are entering the stationary phase. (E–G)
Probability density of cell volume for cells grown at 0.44 Osmol/kg (E), 0.99 Osmol/kg (F), and 1.71 Osmol/kg (G). Time points plotted on the y axis corre-
spond to the same time points at which OD was measured in D. Volume is plotted on the x axis and the z scale corresponds to the probability density. Volume
was calculated with a process of background subtraction and thresholding, as described in Material and Methods. Total numbers of cells for the different
osmolalities were 481, 388, and 323 for E–G, respectively. Cell growth starts from overnight culture, and the t ¼ 0 point in histograms corresponds to
the cell size of the overnight culture. To see this figure in color, go online.
1966 Pilizota and ShaevitzOD ~ 0.07. This is below the point at which growth satu-
rates, even at high osmolalities (Fig. 4 A). However,
Fig. 1 shows that nutrient deprivation at higher osmolalities
occurs sooner than expected in the confined geometry of
the flow cell.Cell shape changes after hyperosmotic shocks
To compare the shape of the cell before and during osmotic
shock, we measured the difference in polar extent (see
Materials and Methods), focusing on the volume recovery.
Examples of individual cells exposed to four different os-
motic shocks are shown in Fig. 2 (a similar response is
observed for all other cells; see also Fig. S7). In agreement
with previous reports (16), the cytoplasmic volume de-
creases at the cell poles for all osmotic shocks shown. For
the two higher shocks, 1.45 Osmol/kg and 2.0 Osmol/kg,
reduction along the cell width is observed as well. The
shape at the point of full volume recovery (Fig. 2, right
arrows) is similar before and after the shock for all
osmolalities.Biophysical Journal 107(8) 1962–1969Material properties of the cell envelope after
hyperosmotic shocks
The E. coli envelope consists of the inner and outer lipid
membranes and the periplasmic space, which contains the
cell wall (24). During hyperosmotic shock, the cell enve-
lope contracts by up to 60% of the original volume and ex-
hibits various plasmolysis shapes that depend on the solute
used (16). To determine how the volume of the cell enve-
lope responds to a change in the concentration, we exposed
cells to a range of osmotic shocks both before and after a
recovery to a hyperosmotic challenge. For these experi-
ments, cells were first transferred from LB into 10 mM
Tris-HCl, pH 7.5, supplemented with different concentra-
tions of sucrose, causing an osmotic challenge with no sub-
sequent volume recovery. Fig. 3 A shows changes in
cytoplasmic volume after osmotic shocks ranging from hy-
posmotic to isotonic to hyperosmotic. We were able to
observe volume expansion due to hyposmotic shock up to
~10%, as seen in Fig. 3, A and B, and in agreement with pre-
vious reports (25–28).
Origins of E. coli Growth Changes at High External Osmolality 1967We developed a model to describe the p-V curves after the
cellular turgor pressure has been lost (Fig. 3 A). The initial
response to an increase in external osmolality is passive
water efflux from the cell interior and a reduction in cell
volume. Turgor pressure will drop to zero as long as the
cytoplasmic volume is free to decrease with external osmo-
lality. This will be the case after the inner membrane de-
taches from the cell wall, i.e., at the point of plasmolysis
and before the cytoplasmic volume no longer freely shrinks
due to the cytoplasmic content of the cell. Increases in
external concentration larger than the point at which the
cytoplasmic volume reached its minimal value give rise to
negative turgor pressure. Thus,
Vshock
V0
¼ n
0
i
V0  cfe
þ Vmaxmin ; (1)
where ni
0, ce
f, and V0 are the initial internal amount of so-
lute, the final external solute concentration, and the initial
volume. Vmaxmin is a constant and represents the overall mini-
mal volume cells can shrink to. For large hyperosmotic
shocks, the total cellular content ultimately limits the extent
to which the cytoplasmic volume can shrink, whereas the
cell-wall stiffness properties limit the extent to which cyto-
plasmic volume can expand for hyposmotic shocks. When
the cytoplasmic volume reaches the same size as the unpres-
surized cell wall during recovery, the turgor pressure starts
to be reestablished and Eq. 1 no longer holds. To estimate
the size of that volume compared to the initial volume of
the cell, we fit the p-V curve in Fig. 3 A to Eq. 1 as described
in Materials and Methods. We estimate that the turgor pres-
sure begins to be reestablished when the initial cytoplasmic
volume recovers by 90–92.5%.
To investigate how the volume of the cell envelope re-
sponds to concentration changes after it has already experi-
enced a hyperosmotic shock, we first exposed the cells to a
shock in rich media, transferring them from 0.44 Osmol/kg
(LB) to 1.00 Osmol/kg. We allowed the cells to fully recover
their initial volumewithin a 30min period, and then repeated
the series of shocks by transferring the cells again into 10mM
Tris-HCl, pH 7.5, supplemented with various sucrose con-
centrations (see Materials and Methods). The p-V curve ob-
tained is given in pink in Fig. 3A. The shape of the curve is the
same for both shocked and unshocked cells, indicating that
the material properties of the cell wall do not change after a
hyperosmotic challenge and subsequent recovery. In addi-
tion, the strictly monotonic decrease of the p-V curve near
the isotonic point indicates that the cells that fully recover
their volume and shape in Figs. 1 and 2 likely recover their
turgor pressure as well.Cell volume at higher external osmolalities in bulk
culture
To reconcile our measurements, which show full volume
recovery after a hyperosmotic challenge, with previouswork that reported a reduced volume of cells growing in
bulk cultures, we investigated the point in time at which
hyperosmotic shock produces a volume reduction. Fig. 4,
A–C, shows growth curves, growth rates, and growth-
curve plateau values of bulk cell cultures grown in media of
different osmolalities. The external osmolality was controlled
by the addition of different amounts of sucrose to the LBme-
dium. In agreement with previous results, the growth rates
decrease with increasing osmolality (Fig. 4, A and B) (1–3).
However, the OD at which the growth plateau occurs also
decreases with increasing osmolality (Fig. 4, A and C), sug-
gesting that at higher external osmolalities, OD might not be
a good indication of growth stage. We then grew cells at
different external osmolalities and used fluorescence imag-
ing to measure the cell volume at different points during
growth (see Materials and Methods). Fig. 4 D shows growth
curves of cells grown at 0.44, 0.99, and 1.71 Osmol/kg (LB
and LB supplemented with different sucrose concentra-
tions), where after each OD measurement, we measure the
cell volume (Fig. 4, E–G). The time points at which the vol-
ume was measured are the same for the three osmolalities,
but the ODs of the cultures are different (Fig. 4 D). Figs.
4, E–G, shows that the maximal cell volume reached during
growth, ~4 mm3, is the same for all osmolalities. However,
cells grown at higher external osmolalities enter the station-
ary phase earlier, as evidenced by a significantly lower OD
of the growth-curve plateau. These cells become smaller at
lower OD values when compared to unshocked cells. For
example, measuring cell volume at OD ¼ 0.1 (Fig. 4 D,
gray horizontal line) in media of different osmolalilies re-
sults in information on cell volume at different stages of
growth. Previous measurements have defined the early or
mid-exponential stage of growth by the value of the culture
OD, for example OD ¼ 0.1 (1,2) or OD ¼ 0.5 (3), irrespec-
tive of the osmolality of the media. The differences observed
in these studies more likely reflect changes in growth stage
when growing in the bulk culture rather than changes solely
due to the osmolality of the media. The reduction in turgor
pressure previously reported was calculated based on the
volume measurements (2) and can most likely be explained
by the same effect. The histograms in Fig. 4, E and F, shows
that all of the cells reach larger volumes during early expo-
nential growth. At higher external osmolalities, visible in
Fig. 4 G, this is not the case. Even at the time point when
maximal cell volume is observed, some cells remain small.
These correspond to the cells that have not recovered from
the osmotic challenge and remain depressurized (Fig. S8).
Averaging the two populations, as done in previous work,
results in an apparent reduction of the cell volume at higher
external osmolalities.DISCUSSION
We sought to investigate the sequence of events that result
in slower growth, smaller cell volume, and reduced turgorBiophysical Journal 107(8) 1962–1969
1968 Pilizota and Shaevitzpressure after an increase in external osmolality. Very little
is understood about the origins of osmotically induced
growth modulation, and events immediately postshock
have previously not been accessible to high-resolution sin-
gle-cell measurements. By looking at individual cell vol-
ume changes during and after hyperosmotic shock, we
found that the growth-rate reduction follows the osmotic re-
covery immediately and increases at higher external osmo-
lalities. However, the cell volume and shape recover to the
initial preshock value in all osmolalities. The response of
the cell envelope to osmotic challenges does not change af-
ter a hyperosmotic shock, and the cell volume strictly
monotonically decreases for small hyperosmotic shocks.
We conclude that turgor pressure likely recovers to the
initial, preshock value as the volume does so, and that it
is not the cause of reduced growth rates. By looking at
the changes in cell volume at different stages of growth,
we found that the maximal volume reached does not
depend on the growth osmolality. However, cells growing
at higher external osmolarities reach stationary phase and
decrease in size at lower ODs, strongly indicating increased
metabolic consumption despite decreased growth rates at
high external osmolarities. In previous studies that report
a decrease in cell volume at higher external osmolalities
in bulk cultures, cell volume was measured at OD 0.1
and 0.5 (1–3) irrespective of the osmolarity of the media.
The results obtained most likely reflect different stages of
growth rather than the effects of the media. Previously re-
ported changes in turgor pressure were calculated from vol-
ume measurements and can likely be explained by the same
effect (1–3).
In agreement with our results, recent experiments show
that for small hyperosmotic shocks, where plasmolysis is
not significant or does not occur, turgor pressure is not
directly needed for the biosynthesis of cell wall (14). It
was hypothesized that a reduced elongation rate observed
for higher hyperosmotic shocks was due to the significant
detachment of the inner membrane from the cell wall
(14). It is possible, therefore, that the recovery of turgor
pressure to the initial value observed here is needed for re-
establishing the correct attachment of the inner membrane
and the cell wall, and that it is this attachment, rather than
the pressure on the cell wall that is needed for successful
localization of synthesis machinery and incorporation of
peptidoglycan. In this scenario, the pressure is the feedback
variable osmoregulatory pumps use to control the initiation
and completion of the recovery. It was previously shown
that more than one osmolyte can be imported into the cyto-
plasm at the same time (29,30). Our experiments were done
in rich media with more than one osmolyte present. We
therefore conclude that each osmoregulatory pump or syn-
thesis pathway independently uses turgor pressure as the
feedback variable. This could be an important adaptation,
as it allows the cells to adapt to changes in external osmolal-
ities in various conditions.Biophysical Journal 107(8) 1962–1969In the flow cell, unlike the tunnel slide used in our pre-
vious work (15), we observed no pauses or cessation of
growth after volume recovery. We conclude that in that
study, we overestimated the time it takes to run out of nu-
trients in the tunnel slide and when growing in high-osmo-
lality conditions. Taken together with our observation that
the growth plateau is reached earlier, our results can be ex-
plained by attributing the reduction in growth rate to the
energetic cost of maintaining a higher internal concentra-
tion even after recovery and during subsequent growth.
Osmoregulatory pumps require the cellular proton motive
force, the sodium motive force, or ATP for recovery from
hyperosmotic challenge. However, to maintain the same
turgor pressure while growing at higher external osmolal-
ities, cells need to achieve a higher internal concentration
of material. It is possible that the osmoregulatory network
components import and synthesize osmolytes all the way
through growth, costing more energy and reducing growth
rate.
Interestingly, trehalose production, identified as part of
the osmotic recovery that increases the total internal solute
concentration, requires utilization of uridine diphosphate
(UDP) glucose. Reduction in UDP glucose in nutrient-
limiting conditions has been linked to the polymerization
rate of FtsZ, and thus to cell-size control (31). Depleting
UDP glucose to synthesize trehalose could lead to the
same mechanism of cell-size control and contribute to the
early onset of the stationary phase at high osmolarities.SUPPORTING MATERIAL
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